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Point-contact (PC) Andreev-reflection (AR) measurements of the superconducting gap in iron- 
oxipnictide _ReFeAsOi_a;Fa; (_Re=La, Sm) films have been carried out. The value of the gap is 
distributed in the range 2A ~ 5-10 meV (for 7ie=Sm) with a maximum in the distribution around 
6meV. Temperature dependence of the gap A(r) can be fitted well by BCS curve giving reduced 
gap ratio 2A/fcT* ~ 3.5 (here T* is the critical temperature from the BCS fit). At the same time, 
an expected second larger gap feature was difficult to resolve distinctly on the AR spectra making 
determination reliability of the second gap detection questionable. Possible reasons for this and the 
origin of other features like clear-cut asymmetry in the AR spectra and current regime in PCs are 
discussed. 

PACS numbers: 74.45.-l-c, 74.50.-|-r, 74.70Dd 



INTRODUCTION 

Discovering a few years ago a new family of iron based 
superconductors gave rise both to intensive investigation 
of the fundamental properties of these materials (see re- 
views [ll-Q and Refs. therein) and to seeking for their po- 
tential application. The fabrication of high-quality thin 
films is of great importance for potential applications of 
these new materials in superconducting devices as well as 
for a deeper fundamental study of their superconducting 
properties. Numerous experiments were undertaken to 
study the superconducting state of iron based supercon- 
ductors, however less attention was paid to the investiga- 
tion of films, due to the more complicated preparation. 

In this paper we present first point-contact An- 
dreev refiection (PCAR) spectroscopy investigation of 
LaFeAs0i_2;F^ and SmFeAsOi_2;F2; films. The main 
goal was to measure of the superconducting gap(s) and 
its temperature dependence for the mentioned films to 
compare these data with existing similar measurements 
on bulk samples 0-0] and to clarify some issues as to the 
presence of multiband structure on PGAR spectra and 
PCAR spectra asymmetry. 



EXPERIMENTAL DETAILS 

i?eFeAs0i_2;F2; {Re— La, Sm) films with superconduc- 
tivity onset below 34 K have been fabricated using pulsed 
laser deposition. The successful growth of high quality 
/JeFeAsOi-ajFj; thin films enables the investiga- 

tion of fundamental properties. Details of the prepara- 
tion of LaFeAs0i_2:Fa; films are described in Ref. 
The same parameters were also used for SmFeAsOi-j^Fj, 
film growth. The temperature dependence of the re- 
sistance of the i?e=Sm film used in our experiments is 



shown in Fig.[TJ The onset of the superconducting tran- 
sition of about 34 K is well below the maximal transition 
temperature for optimally doped SmFeAs0i_2:F2: crys- 
tals likely due to severe fluorine loss under film prepa- 
ration. Also the superconducting transition sufficiently 
broadens in a magnetic field, what can be due to nonuni- 
form fluorine doping through the fllm thickness. The 
Re— ha film was of lower quality with a much broader 
superconducting transition. Therefore, we concentrated 
in this study mainly on measurements of the i?e=Sm 
film. 

The PCs were established by the standard "needle- 
anvil" method touching of the film surface by a 
sharpened thin Cu wire. The differential resistance 
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FIG. 1: Superconducting transition of a SmFeAsOi-iFj, thin 
film at zero field and at 9T. Arrow shows T"""""' ~ 34 A'. 
Inset: Temperature dependence of the resistance of the film 
up to room temperatures. 
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dV/dI{V) was recorded by sweeping the dc current / 
on which a small ac current i was superimposed using 
the standard lock-in technique. The measurements of 
PCAR spectra were performed in the temperature range 
between 3 and 33 K applying a magnetic field up to 7 T 
perpendicular to the film surface. 



CHARACTERISTIC LENGTHS 

In PCAR spectroscopy some conditions must be ful- 
filled, namely, the contact diameter d has to be smaller 
than the inelastic electron mean-free path li as well as 
smaller than the superconducting coherence length ^. 
The latter is anisotropic in the iieFeAsOi-^^F^; family 
and does not exceed a few nm Q . The contact size can be 
estimated from its resistance Rpc above Tc using mod- 
ified Wexler formula [12| for the case of heterocontact 
with a metal, where its resistivity is negligible compared 
with that of i^eFcAsOi-xF^;: 



Rpc ^{l + Z 
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Here, Z is the so called barrier strength [l3|. We es- 
timated the product pi using the upper limit for the 
electron carrier concentration ng < lO^^cm"^ as inferred 
from Hall data 27 1 for i?e=La just above [l3|- Mak- 



ing use of the Drudc free electron model we calculated 
pi ~ 1.3 ■ lO^nJ^^^ = 1.3 • 10-i°f}-cm2. The residual re- 
sistivity po of i?eFeAs0i_3;F^ compounds, estimated by 
extrapolation p{T 0), has value of about 100 pfl-cm for 
Re=La,, whereas po is higher for other i?eFeAs0i_2;F^ 
compounds [1^ . Using the calculated value of pi and the 
mentioned resistivity po, we find 10 nm as upper limit for 
the elastic electron mean free path l^ for i?eFcAs0i_j.F2. 
compounds. 

In Table I, we present estimations of the PC diameter, 
according to Eq. for PCs with three different resis- 
tances using both the lower limit of po==100 pQ-cm (for 
high quality samples) and the higher value po=l ml7-cm, 
taken from the literature for i?eFeAsOi_a;Fj;. Thus, in 
order to fulfil the condition that the dimension of the 
PC has to be smaller than the elastic mean free path 
of electrons and/or the coherence length the PC resis- 
tance must be well above a few hundred Ohms, which is 
not the case for PCs both investigated in this paper and 



TABLE I: Calculation of the PC diameter for three PC resis- 
tances according to Eq. Ilj for Z=0 and two values of resis- 
tivity and for Z=0.6 (last column). 
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78 nm 


504 nm 


85 nm 
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37 nm 
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18 nm 


54 nm 


20 nm 



in existing PCAR studies cited in Ref. [6|. Therefore all 
PCAR measurements have been done at least in the dif- 
fusive regime when elastic mean free path is small, i. e. 
d ^ le- Although the diffusive regime does not prevent 
PCAR spectroscopy, it favors the shortening of the diffu- 
sive inelastic mean free path A ~ (Zg • k)^^^ of electrons 
so that a transition to the thermal regime d ^min(Zi, A) 
12 , l3| with increasing of applied voltage is getting more 
probable. Taking into account that the resistivity in all 
i?eFeAsOi_a;F2, has a remarkable slope (increase) just 
above Tc, e. g., for i?e=La, p(T) behaves like below 
^ 200 K [l7[, the inelastic, likely electron-electron, scat- 
tering in i?eFeAs0i_2:Fa; is starting already at very low 
temperatures shortening an inelastic mean free path li 
and A. 

On the other hand, the coherence length ^ is also much 
smaller than the contact size, what can result in a distri- 
bution of superconducting properties (e.g., critical tem- 
perature, gap value) within the PC and in a suppression 
of superconductivity in some part of the PC with cur- 
rent increase. Thereby, regardless of the PC resistance 
(of course the higher the resistance the higher probabil- 
ity to be in the spectral regime), each dV/dI{V) curve 
should be critically analyzed if it suits for spectroscopy 
of the superconducting gap. 



PCAR SPECTROSCOPY OF THE 
SUPERCONDUCTING ENERGY GAP IN 

SmFeAsOi-^F^ 

Because of mentioned above reasons, it was difficult 
to get "clean" PCAR dV/dl spectra having no humps, 
spikes and other irregularities, which are connected with 
deviations from the spectral regime in PC. Fig. [5] shows 
one of the best series of dV/dl curves, which demon- 
strate clear Andreev-reflection (gap) structure, namely 
pronounced minima at ^ ~ ±3 mV at T <C which are 
to a great extend free from unwanted features. To get 
the superconducting gap value A and other parameters 
from the PCAR spectra the Blonder-Tinkham-Klapwijk 
(BTK) theory [13| including so-called broadening param- 
eter r has been used. The temperature dependence of the 
superconducting gap A has been established (see Fig. [2]) 
from the fitting within the BTK theory. We tried to 
keep constant such fitting parameters as P, the barrier 
Z and the scaling S. Here, the parameter S corresponds 
to the ratio of the experimental dV/dl intensity to the 
calculated one [29j . 

It is seen from Fig.Hthat A(T) is in line with the BCS 
curve (solid line), however, the resulting critical tem- 
perature of T* ~ 21.6 K obtained by extrapolating the 
BCS curve to A= is significantly lower than Tc deter- 
mined from the temperature dependence of the resistiv- 
ity of the SmFcAsOi-ajFj; film (see Fig.[T|). At the same 
time, the superconducting main minimum in dV/dl for 
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FIG. 2: (Color on-line) Upper panel; dV/dl curves of a 
SmFeAsOi-i:Fi: - Cu contact [R = 26^1) for varying tem- 
perature. Bottom panel: Temperature dependencies of the 
fitting parameters: superconducting gap A (triangles), bar- 
rier parameter Z (diamonds), scaling parameter S (squares), 
position of minima in dV/dl (stars) for the PC from the up- 
per panel. The broadening parameter F is equal to zero. 
The solid line represents the BCS-like gap behavior. In- 
set: symmetrized and normalized Q dV/dl curve at T = 3K 
(points) together with curves calculated according to the gen- 
eralized BTK theory: dashed (blue) and solid (red) lines - 
fit with A=3.35mV, F^O, Z=0.38, 5=0.5 and A=3.47mV, 
F=0.25mV, Z=QA1, 5=0.58, respectively. 

"Resistivity of Sm and La pnictidcs has pronounced temperature 
dependence even at low temperatures and also below Tc, as it fol- 
lows from the measurement in a magnetic field, see, e.g., Ref. Illl . 
It means that, so-called, normal state curve used for normalization 
can be slightly difi'erent for diff'erent temperatures. Therefore we 
have used for normalization of each dV/dliV) a weak parabolic-like 
curve which fitted the same dV/dliV) at biases \V\ >10mV, i.e. 
above the gap minima. 



the investigated PC disappears close to 30 K as shown 
in Fig. [2] which approximately corresponds to the mid- 
point (Tjf^*^) of the superconducting transition in Fig.[T] 
However, by approaching this temperature, the shape of 
the dV/dl minimum starts to deviate from the theoreti- 
cally expected behavior already above 20 K as shown in 
Fig. [21 This is likely due to inhomogcneitics of the su- 



FIG. 3: dV/dl curves of several SmFeAsOi-^Fi, - Cu con- 
tacts measured at 3K. PC resistance is shown for each curve. 
Vertical dashed stripes mark reproducible AR minima. 



pcrconducting state in the PC region in the case if its 
size d is larger than the coherence length ^. Also with 
increasing temperature inelastic scattering increases fa- 
voring the transition to the thermal regime. This hinders 
a determination of the gap in this temperature range. 
Therefore, the determination of the gap of the PC shown 
in Fig. [2] is restricted to temperatures below 20 K. 

Investigating a dozen of PCs with clear double minima 
AR structure around ±3mV (see. Fig. IS]), we, neverthe- 
less, could not observe or detect reproducible structures 
at a higher voltage, which were found, e.g., in the repre- 
sentative two-band superconductor MgB2 Also an 
about 3 times larger second gap features reported for bulk 
SmFeAsOi-ajFa; samples [1] could not be unambiguously 
resolved for the investigated PCs of the SmFeAsOi_a;Fa; 
film. Instead, for increasing bias usually a peaked struc- 
ture or other irregularities appear in the dV/dl character- 
istics testifying the transition to the non-spectral regime. 
But even if the similar to the second gap features are ob- 
served as, e.g, shallow minima slightly above ±10 mV in 
the upper PC spectrum in Fig. [3] (sec also low tempera- 
ture spectra in Fig. [J), then this gap structure expected 
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FIG. 4: dV/dl curves of PC from Fig. [2] measured at 3 K in a 
magnetic field. Inset shows dependence of A (triangles) and 
r (squares) vs magnetic field as determined from the BTK- 
fitting of dV/dl curves from the main panel. Here, Z ~0.38 
and S ~0.5. Linear extrapolation of A to zero result in a 
critical field of about SOT. 



around ±(9-12) meV is hardly to resolve for the other 
PC spectra (see, e.g., the bottom spectrum in Fig.[3|). 
Moreover, already a weak magnetic field suppresses the 
mentioned structure, nevertheless no presence of any sec- 
ond gap features appears (see Fig.|31). The same concerns 
dV/dl of PC with R = lA^l, where a shoulder is seen 
above ± 10 mV often taken as a larger gap structure. 
The shoulder is washed out in magnetic field 7T, while 
the small-gap minima are only slightly suppressed at the 
same field. On the contrary, in the mentioned MgB2 the 
small gap is vanished more quickly in magnetic field than 
the larger one (see circles in Fig. 15 in [19[). 

The above mentioned larger gap structure is also badly 
resolved in a recent tunneling study of SmFeAsOi-ajF^; 
compounds [1^. The authors concluded that interband 
quasiparticle scattering has a crucial effect on the shape 
of the tunneling spectra smearing out in particular a 
larger gap structure in the electronic DOS. Taking into 
account the very short elastic electron mean free path in 
SmFeAsOi-ajFa; compounds the interband quasiparticle 
scattering is expected to be quite strong. 

From another tunneling measurements plj . a distri- 
bution of gaps (conductance peaks) Ap between 6 and 
8meV with a mean value of 7meV was derived, which 
results in a reduced gap 2Ap/kTc ~ 3.6. Also from these 
tunneling spectra, no second gap structure was resolved. 

We show in Fig.[S] a histogram of the gap distribution 
measured for PCs with the pronounced double minimum 
AR structure. The distribution has a maximum around 
2A=6mV and a high energy tail around 10 mV. We con- 
nect this large gap value and its broad distribution with 
the inhomogeneities of the superconducting properties on 
the film surface due to fiuorine loss. Supposing that the 
critical temperature for the PC with the gap of around 
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FIG. 5: Histogram of the gap distribution determined from 
dV/dI{V) of SmFeAsOi-iFi - Cu contacts with pronounced 
double minimum AR structure. Inset shows an example of 
dV/dI{V) for PC with 2A ~10meV. 



lOmcV is close to the onset of superconductivity of ~ 
34 K in Fig.m then 2A/kTc wiU be again close to the 
BCS value of 3.5. 



ASYMMETRY OF dV/dl CURVES 

A characteristic feature of dV/dI{V) of PCs with 
i?eFeAsOi_a;Fa; is their pronounced asymmetry. From 
our study of this phenomenon we conclude that the asym- 
metry of dV/dI(V) is present independent of the super- 
conducting features. Fig. IH] shows dV/dI{V) curves for a 
few PCs. where clear AR double minima are observed 
(Fig.|6]i) or the superconducting structure is superim- 
posed on a broad maximum (Fig. [6};) or no supercon- 
ducting features, but only a sharp zero-bias maximum 
is present (Fig. lit). In all cases, the antisymmetric part 
of dV/dI{V) shows similar behavior and even the same 
relative value independent of the drastic difference in 
dV/dI{V) shape corresponding to different mechanisms 
of dV/dI{V) formation. Such robustness of the asym- 
metry of dV/dI{V) testifies that this phenomenon is not 
related to the PC properties, but mainly determined by 
the properties of the bulk material (or the film). One 
common and plausible reason of dV/dI{V) asymmetry 
can be the thermoelectric (Seebeck) effect if the PC is 
heated up at increasing bias in the thermal regime |12|. 
It is known that i?eFcAsOi_a;Fx compounds have a huge 
Seebeck coefficient at low temperatures which reaches - 
80^V-K~^ for i?e=Sm just above Tc for a sample with 
Tc=53K [S^l and even more (-140^V-K~^) for a sam- 
ple with Tc=36K [2^ (similar as in our film). Taking 
thermoelectric effects in the case of heterocontacts into 
account, the dV/dI{V) asymmetry was explained both 
for heavy-fermion high-resistive compounds [l^ [23| and 
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FIG. 7: (Color on-line) Temperature dependence of the su- 
perconducting gap A (triangles) from the fitting of dV/dl 
curves shown in the inset. The position of minima in dV/dl 
is marked by stars. The solid line represents the BCS-like 
gap behavior. Inset: dV/dl curves of a LaFeAsOi-a;Fa: - Cu 
contact (i? = 10 Q.) for varying temperature. 



structure. Since STM spectra reflects in a direct way elec- 
tronic density of states (DOS), then the non-reproducible 
asymmetry of STM spectra point out also to the non- 
DOS nature of the asymmetry, what strengthen our ar- 
guments. 



FIG. 6: Left panels: dV/dl curves of a SmFeAsOi— j^F^; — 
Cu contacts measured at 3K (solid curves) for a broader 
bias range. Dashed curves have been measured for the same 
contacts at higher temperature. PC in panel (a) is the 
same as shown in Fig. (2] Right panels: antisymmetric part 
dV/dr^iX) = WORpl;(dV/dI{V > 0) - dV/dI{V < 0)) for 
the corresponding curves from the left panels. Voltage polar- 
ity is given for the film. 



for diluted Kondo-alloys [l^l2J|, where the Seebeck coef- 
ficient is strongly enhanced. It seems that an equilibrium 
heating of the PC is not the only condition for the ap- 
pearance of thermoelectric effects. The electron distribu- 
tion function in ballistic and diffusive PCs is in a highly 
nonequilibrium state which can be represented by two 
Fermi spheres shifted from each other by applied voltage 
eV [l2j . This nonequilibrium electronic state produces 
nonequilibrium phonons with an effective temperature 
<eV/4 (25! which is close to the temperature eV/3.63 
[lij reached in the thermal regime. Therefore, we sug- 
gest that the nonequilibrium state in the PC can also 
cause a thermoelectric voltage in the case of heterocon- 
tacts. This results in a dV/dI{V) asymmetry similar as 
observed in PCs in the thermal regime [l2| . 

We also would like to draw attention that asymmetry 
of the STM spectra, see Figs. 5, 6 in Ref. [1^, variates 
and even has different sign for the spectra with similar 



PCAR SPECTROSCOPY OF THE 
SUPERCONDUCTING ENERGY GAP IN 

LaFeAsOi-iFx 

As mentioned above, the investigated LaFeAsOi_a:F2; 
film has a rather poor quality showing a broad supercon- 
ducting transition already at zero-field which is compa- 
rable with that of the SmFeAsOi-^^Fj, film at 9T (see 
Fig.[T]). Additionally, a kink appears in p{T)) at temper- 
atures around 18 K. The inset in Fig. [7] shows dV/dl of 
LaFeAs0i_2:Fa; - Cu PC with Andreev-reflection minima 
for varying temperature along with gap behavior evalu- 
ated by fitting of the dV/dl curves. Similar as for the 
SmFcAsOi-xFx film only small gap minima are found. 
Again, the critical temperature obtained by extrapolat- 
ing the BCS curve to A=0 is low, i. e. about 18 K (close 
to the kink in p(T)), while superconducting features in 
dV/dl are seen even at 25 K as shown in Fig. [71 We 
attribute this behavior with the variation of the super- 
conducting properties in the PC region due to the short 
coherence length and the sample inhomogeneity. 



CONCLUSION 

We investigated the superconducting energy gap in 
iT!eFeAsOi_-^F^ (i?e=La, Sm) films by PCAR spec- 
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troscopy. The mean value of the reduced superconduct- 
ing gap 21^/ kT* is found to be close to the BCS value of 
3.5 what is in agreement with PCAR data reported in Q . 
A second larger gap feature is hardly to resolve on PCAR 
spectra. The reason can be strong interband quasiparti- 
cle scattering, which smears out the larger gap structure 
in the electronic DoS both in the tunneling [i^llll and 
in the PCAR spectra. Note also that all superconduct- 
ing features in dV/dl, including these of non-Andreev 
nature, have disappeared above T°"'*^* ~ 34 K. 

We demonstrate that the asymmetry of dV/dI{V) 
curves is independent of the shape of the curves or 
whether superconducting or AR features are present or 
not in dV/dI(V). Therefore, the asymmetry is not re- 
lated to the spectroscopy but reflects bulk properties of 
i?eFeAsOi_a;Fa;. Very probably the asymmetry is caused 
by the thermoelectric effect. 
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The Hall coefRcient determined in [31 for i?e=La is 
about 3 times lager at low temperatures than that for 
-Re=Sm, which points to a 3 times larger electron density 
in i?e=Sm. At the same time for i?e=Sm with an onset of 
superconductivity at 36 K, similar as in our film, the elec- 
tron density is estimated to be about rie < 0.6- lO^'^cm"'^ 

According to [15[i the resistivity of i?e=Sm is 2-3 times 
larger at low temperatures than that of i?e=La. 
Parameter S is intended to equalize the intensities of ex- 
perimental and theoretical curves. Theoretically S — 1, 
but S < 1 happens very often too. The possible rea- 
sons are connected with deviation of the PC structure 
from theoretical model and are described in more detail 
in Appendix of Ref . [ll] . 



